Wide dust lanes are believed to be a common feature of active galaxies, obscuring the bright central regions. Although these dust lane features appear to be long-lived, thick discs are widely believed to be unstable and tend to collapse into very thin discs, owing to high frictional dissipation caused by intersecting orbital paths.
I N T R O D U C T I O N
Some active galactic nuclei are believed to have`equatorial' accretion discs which feed them with gas and dust (Blandford 1992) . Other active galaxies are believed to have thick torus structures which obscure the line of sight to the nucleus. Thick discs around active galactic nuclei present several interesting dynamical problems, which are discussed in the literature (Malkan 1992) . If there is signi®cant gas pressure within the thick disc, then the combination of gravitational forces directed towards the galactic nucleus and gas pressure forces, which are directed outwards, may be able to constrain the thick disc so that it orbits the nucleus with a motion that resembles the rotation of a drum. However, this con®guration is believed to be unstable. If gas pressure forces and magnetic forces are largely absent and the motion is dominated by gravity, the`drum-like' rotation is not permitted. Each particle of the thick disc that was north of the central plane must be south of the plane half an orbit later. This is perfectly possible with stars but in attempting to execute this orbit-induced motion in an uncoordinated fashion, gas and dust would undergo high frictional dissipation (Collin-Souffrin 1992) . The motion required in the`no gas pressure' case is therefore very dif®cult for gas to achieve, as the result will be frequent collisions between gas molecules. A similar problem occurs with the eccentricity of the elliptical orbits. Molecules of gas will undergo frequent collisions with other gas molecules on orbits of different eccentricity. The result will be an inability to sustain the`thick disc' con®gurations and a continuous heating of the gas. This mechanism has been proposed as a potent source of heat in thick accretion discs around active galactic nuclei (Collin-Souffrin 1992) .
However, if there is coordination that allows all elements of the gas to orbit the galactic nucleus without collisions, then the resulting motion would then be almost free of dissipation and the structure that incorporates such motion is likely to be long lived. In this context, Nicholson, Bland-Hawthorn & Taylor (1992) have proposed a`tilted rings' model for the kpc disc in Centaurus A. The gas and dust orbit the galaxy in circular orbits and the inclination of these orbits changes with radius. This produces a warped disc which resembles the Cen A dust lane and the model has the very desirable feature that the orbits do not intersect. However, it appears to be dif®cult to explain the velocity dispersion of the gas in the line of sight to the nucleus in this model. Bland, Taylor & Atherton (1987) imaged Cen A with a Fabry± Perot system and interpreted their detailed observations as a thin, but severely warped disc. Triaxial gravitational potentials were studied by van Albada, Kotanyi & Schwarzschild (1982) and the resulting orbits were found to be closed and almost elliptical. The associated gas discs were described as thin and stable, but often warped.
E Q U I VA L E N C E O F E L L I P S E S A N D T O R I
It is interesting to consider a torus structure; this special case of a thick disc structure is capable of rotation toroidally as it orbits the centre of mass. This motion is similar to the well-known roll of a smoke ring. If the periods of the orbital motion and the rolling motion are identical, then some interesting features occur. For instance, for an individual particle the maximum and minimum distances from the centre of mass are 1808 apart and this line resembles the major axis of an ellipse. The point of maximum excursion above the plane of the torus is 1808 from the maximum excursion below the plane and 908 from the`major axis'. In fact, the motion of particles in the torus resembles elliptical motion, in many respects.
In polar coordinates (r H , f) the equation of an ellipse of semimajor axis a and eccentricity e is given by
The maximum distance from the centre of mass is given by
The minimum distance from the centre of mass is
The equivalent relationships for paths within the torus of radius R and thickness, 2r are r max R1 r=R 4 and r min R1 À r=R: 5
It follows that the radius of the torus, R, is equivalent to the semimajor axis, a, and the eccentricity of the ellipse, e, is equivalent to r/R for orbital paths within the torus.
E L L I P T I C A L O R B I T S
To provide a long-lived con®guration of orbits for gas, the key requirement is that gas molecules in different orbits should not collide. Conversely, any con®guration of orbits that is free of intersecting paths and hence collisions will represent a long-lived and low-friction system. A set of elliptical orbits with the same value of semimajor axis a but different eccentricities will intersect each other if they are all in the same plane. If, however, the orbits are on different planes, and the angle of inclination i is related in a simple way to the eccentricity e then intersections can be avoided. If the circular orbit is in the principal plane, but the orbits become more inclined as the eccentricity increases, then they will pass over each other at different heights above and below the principal plane. Eccentricity e is considered to be related to inclination i as e sin i.
The permitted values of orbital elements for the elliptical orbits are therefore seen to be highly restricted. Further restrictions are necessary: the longitude of the ascending node, Q, must equal the longitude of the major axis, q.
This requirement means that particles on inclined orbits cross the principal plane of the system when they are at minimum or maximum distances from the centre of mass, and are to be found above and below the plane at intermediate distances. The permitted non-intersecting orbits are a set of nested ellipses and their envelope is torus-shaped.
The gravitational potential of Cen A at a radius of a few kpc is not Keplerian. Even if the mass distribution of the galaxy is assumed to be dominated by a central spherically symmetrical mass; and only gravitational forces from the dominant central mass are considered, elliptical orbits do not close up and their major axes precess (Binney & Tremaine 1987) . A spheroidal mass distribution can compound this effect. The major effect on orbits is a precession of the major axes producing a rosette-like pattern of non-closed orbits.
There will be differential precession between ellipses of different eccentricities and they will cease to be nested over some time period. This effect is not necessarily a problem for the`no intersections' geometry because, in a uniform torus, major axes at all longitudes are represented. However, if the relationship between the eccentricity and the inclination breaks down because of precession then collisions between dust grains (and gas molecules) will begin over some time-frame. To establish whether this occurs and the time-scale involved will require more work.
The permitted orbits of nested ellipses trace out a torus shape, the inner radius of which is a (1 À e), and the outer radius of which is a (1 e). The maximum envelope thickness is given by maximum thickness 2ae
For eccentricities of up to 0.30 ± the regime of interest ± the difference in thickness from the torus case is less than 5 per cent. The maximum thickness of the enclosing torus occurs at the radius a (1 À e 2 ). There is a further restriction on orbital elements, which was hinted at earlier. Within the torus region all orbits must also have the same value of semimajor axis a and hence the same orbital period P. Orbits with different semimajor axes are possible inside and outside the torus region under consideration.
K I N E M AT I C S O F T H E T O R U S
The con®guration of particular interest occurs when the torus rotates exactly once for each orbit of the centre of mass. This con®guration is in some way analogous to the`captured rotation' condition in binary stars or in the satellites of planets. Motion of this kind with toroidal rotation superimposed on the orbital motion of the same period therefore resembles the Keplerian motion of free particles around the centre of mass on elliptical orbits inclined to the plane of the system. This applies to particles at all radii and at all position angles in the circular section of the torus. For particles in the torus, the`eccentricity' of orbits is uniquely related to the inclination of their orbital planes, whereas in freely orbiting particles, eccentricity and inclination can of course take any value. A torus of gas and dust could rotate and orbit in this way with very little frictional dissipation, as every element of the gas has the`assurance' that no other gas is on collision course with it. Further analysis indicates that toroidal rotation in either sense is permitted, and both senses are favoured equally by the given sense of rotation of the galaxy (see Fig. 1 ).
Considering the motion of the torus of radius R and semithickness r (see Fig. 1 ), if one rotation of the torus is completed in exactly the same time as one orbit, then the velocity of the rotational motion v is simply related to the orbital velocity V and the orbital period P as Vr/R and 2pr/P, respectively. The pseudo-eccentricity of the orbit, e H , is related to r and R as e H r/R. The angle of inclination, i, between the plane of the orbit and the principal plane of the torus varies with r and R as tan i r/R. Combining the last two results, we obtain e H tan i.
It appears possible that the powerful radio galaxy Cen A (NGC 5128) may have this kind of torus structure on kpc scales. The kinematics of the kpc-scale dust disc are thought to be decoupled from the activity in the nucleus of Cen A. The attraction of studying this dust disc is that because Cen A is a radio galaxy and relatively close to us, all features of the galaxy have been observed intensively at a range of wavelengths. The dust lane appears to have appreciable thickness (Rodgers 1978; Graham 1979) . Bland et al. (1987) described the dust lane as a warped disc and measured the orbital velocity at 250 km s ±1 , which is anomalously high for any structure in an elliptical galaxy, whilst the orbital motion of the bulk of stars in the elliptical galaxy is barely detectable (Graham 1979 ). Graham also found other velocity anomalies including doublevalued line-of-sight velocities at certain sites with velocity differentials of up to 135 km s ±1 . Motions of O and B stars at right angles to the dust lane have also been detected; the peak to peak velocity difference along the line of sight is 160 km s ±1 , with the north-east side approaching the observer (Bertola, Galletta & Zeilinger 1985) . This motion is consistent with toroidal rotation in its position, magnitude and direction. Indications of toroidal rotation of the dust lane of Cen A were ®rst noted in observations made in Argentina by the late Jose Â Se Ârsic (1969) . There is a site south-west of the dust lane where gas has an anomalous velocity of 100 km s ±1 relative to the nucleus (Graham 1979) . Measurements at 21 cm of hydrogen in absorption in the line of sight to the nucleus show a spread of radial velocities of 54 km s ±1 within the dust lane (Gardner & Whiteoak 1976) . Eckart et al. (1991) found a radial velocity dispersion of 60 km s ±1 (FWHM 150 km s À1 all across the dust lane and concluded that circular orbital motion was incompatible with their observations, as there was no dip in dispersion ®gure in the line of sight to the galactic centre, where motion in circular orbits should show no velocity component towards the observer.
For Cen A, the orbital velocity of the dust lane of 250 km s ±1 used by Bland et al. (1987) is adopted. Following Burbidge & Burbidge (1959) and Graham (1979) , the distance to Cen A is taken to be 5.0 Mpc. From photographs, the total width of the dust lane, 2r, is estimated at 2.0 kpc and the total length 2R + 2r at 8.2 kpc, so that R is calculated as 3.1 kpc and r is 1.0 kpc. From Section 4, the characteristic non-circular velocity in the dust lane, v, is given by v Vr=R 250´1:0=3:1 80:6 km s À1 :
The`rolling' velocity of the torus is therefore calculated to be ,80 km s ±1 . This velocity is directed both towards and away from the observer; so radial velocity differentials of up to 2v , 160 km s ±1 are expected within the dust lane. These ®gures are in reasonable agreement with the observations reviewed above, suggesting that the Cen A dust lane may indeed have a rolling torus structure.
Magnetic ®elds in the torus are probably important in modifying the motion of the slightly ionized gas, but the mechanism described here is entirely gravitational in nature.
The rolling torus and the nested elliptical orbits work geometrically but can appear somewhat contrived. However, if the formation process is envisaged to be a chaotic infall of intergalactic gas, a plausible evolution of the system is possible. Interestingly, the infall origin of the gas disc is strongly suggested by its high angular momentum and intergalactic gas falling into the Cen A system on trajectories offset from the galactic centre would add net angular momentum to the system. Any material that found itself on an orbital path that did not intersect that of any other material (or almost in that condition) would survive and undergo only slow orbital changes, whilst material that was on collision course would undergo rapid or catastrophic large-angle orbital changes. The gas disc would therefore evolve towards a system favouring only nonintersecting orbits. It seems likely that material lost from this system because of large-angle collisions would form a very thin disc, which would be gas-pressure supported. The origin and stability of these con®gurations needs further investigation. set of ellipses paths on torus surface R max = a (1 + e) R max = R (1 + r/R) R min = a (1 ± e) R min = R (1 ± r/R) semimajor axis a is equivalent to R and eccentricity e is equivalent to r/R eccentricity = e pseudo-eccentricity e H = r/R inclination = i inclination = i sin i = e tan i = r/R = e H max. torus thickness = 2ae p (1 ± e 2 ) max. torus thickness = 2Re H max. thickness is at radius = a (1 ± e
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